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Abstract 
By changing the size and the shape of ferroelectric nanoparticles, one can govern their polar properties 
including their improvements in comparison with the bulk prototypes. At that the shift of the ferroelectric 
transition temperature can reach as much as hundreds of Kelvins. Phenomenological description of these 
effects was proposed in the framework of Landau-Ginsburg-Devonshire (LGD) theory using the conceptions 
of surface tension and surface bond contraction. However, this description contains a series of poorly defined 
parameters, which physical nature is ambiguous. It is appeared that the size and shape dependences of the 
phase transition temperature along with all polar properties are defined by the nature of the size effect. 
Existing LGD-type models do not take into account that defects concentration strongly increases near the 
particle surface. In order to develop an adequate phenomenological description of size effects in ferroelectric 
nanoparticles, one should consider Vegard strains (local lattice deformations) originated from defects 
accumulation the near surface.  
In the paper we propose a theoretical model that takes into account Vegard strains and perform a detailed 
quantitative comparison of the theoretical results with experimental ones for quasi-spherical nanoparticles, 
which reveal the essential (about 100 K) increase of the transition temperature in spherical nanoparticles in 
comparison with bulk crystals. The average radius of nanoparticles was about 25 nm, they consist of KTa1-
хNbхO3 solid solution, where KTaO3 is a quantum paraelectric, while KNbO3 is a ferroelectric. From the 
comparison between the theory and experiment we unambiguously established the leading contribution of 
Vegard strains into the extrinsic size effect in ferroelectric nanoparticles. We determined the dependence of 
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Vegard strains on the content of Nb and reconstructed the Curie temperature dependence on the content of Nb 
using this dependence. Appeared that the dependence of the Curie temperature on the Nb content becomes 
non-monotonic one for the small (< 20 nm) elongated KTa1-хNbхO3 nanoparticles. We established that the 
accumulation of intrinsic and extrinsic defects near the surface can play the key role in the physical origin of 
extrinsic size effect in ferroelecric nanoparticles and govern its main features. 
 
I. Introduction 
The study of unique physical properties of ferroelectric nanoparticles attracts the permanent 
attention of researchers. Yadlovker and Berger [1, 2, 3] present the unexpected experimental results, 
which reveal the enhancement of polar properties of cylindrical nanoparticles of Rochelle salt. The 
authors of the Refs. [4, 5] and [6] perform an excellent ability to manage the temperature of the 
ferroelectric phase transition, the magnitude and position of the maximum of the dielectric constant 
for nanopowders and nanoceramics of barium titanate and lead titanate. The studies of KTaO3 
nanopowders [7, 8, 9, 10] and nanograined ferroelectrics of KNbO3 and KTa1-хNbхO3 [11, 12, 13] 
discover the appearance of new polar and magnetic phases, the shift of phase transition temperature 
in comparison with bulk crystals.  
Theoretical consideration of manifold size effects allows one to establish the physical origin 
of the transition temperature shift and phase diagrams changes appeared under the decrease of 
nanoparticles sizes. In particular, using the continual phenomenological approach Niepce [14], 
Huang et al [15], Morozovska et al [16, 17, 18, 19, 20] and Ma [21] have shown, that the changes of 
the transition temperatures, the enhancement or weakening of polar properties are conditioned by 
the different “extrinsic” and “intrinsic” size effects in nanoparticles. The partition is tentative and 
specified by the size effects manifestation. Size effects classification in ferroelectric nanoparticles is 
given in Tab. 1.  
As a rule, the term “extrinsic size effect” implies that its consequences depend on the size 
and the shape of particle, but not on its internal state (e.g. do not depend on the gradients of physical 
properties inside the nanoparticle). The contribution of the extrinsic size effects leads to the shift of 
the transition temperature from paraelectric to ferroelectric phase that is proportional to either R1  
[14, 16-20] or 21 R  [15] depending on the model, where R is the curvature radius of the 
nanoparticles surface (e.g. it is the radius of spherical particle). For instance, if one considers 
intrinsic surface stress (see e.g. [22]) under the curved surface of solid bodies it leads to isotropic 
compression of the particles resulting in the shift of the transition temperature proportional to 
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RQµ , where µ is the coefficient of the surface stress (similar to the surface tension coefficient 
determining the surface energy in liquids). The form of the "effective" electrostriction constant Q 
essentially depends on the shape of the particle, having different signs for the cylinders and spheres 
of perovskite ferroelectrics [16-20]. In the “surface bound contraction” model [15] the shift of the 
transition temperature is proportional to the ratio 2Rχ , and the value of the factor χ is determined 
by surface bond contraction to the lattice parameter ratio, aaδ  [Tab. 1]. The influence of extrinsic 
size effects is essential for the particles with the curvature radius (or size) smaller than 50 – 100 nm.  
The known "intrinsic size effects" of ferroelectric nanoparticles are determined mainly by the 
long-range gradient of depolarizing electric field inside the particle and short-range (or "chemical") 
polarization gradient near the surface [23]. They lead to the more complicated dependence of the 
transition temperature on the shape and size of the particles, primarily due to a non-trivial 
dependence of the electrical depolarization fields and flexoelectric strains on particle shape, the 
orientation of the ferroelectric polarization and the conditions of its screening near the particle 
surface [16-20]. As a rule, the influence of intrinsic size effects is essential for the particles with the 
sizes less than 10 nm, the internal scale of polarization is determined by the correlation length, 
which is typically less than 0.5 nm in spherical particles due to the depolarization effect; the 
deviation from the bulk polarization is governed by the so called extrapolation length λ that is about 
0.5 – 2 nm [24, 25].  
 
Table 1. Size effects classification in ferroelectric nanoparticles 
Size dependence of Curie temperature shift and dependence 
on the particle radius R 
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Therefore the analysis of the experimentally observed transition temperature dependence on 
the particles sizes allows one to establish the nature of size effects in the studied system and to 
determine corresponding phenomenological parameters like µ, χ or λ from the fitting of 
experimental data with the adequate theoretical model. Despite the goal seems clear, it is still to be 
realized for the majority of nanostructured systems. Probably, the difficulties are mostly due to the 
fact that existing phenomenological considerations of ferroelectric particles are not adequate for real 
nanoparticles with strongly strained near-surface layers, where the strains or stresses are caused by 
the accumulation of defects (impurities and vacancies) in the region. Indeed, it regarded well-
established that the defects concentration noticeably increases near the particle surface allowing for 
the essential lowering of their formation energies [28, 29, 30]. The spontaneous polarization abrupt 
near the surface of ferroelectric causes the strong accumulation of ions and charged vacancies in the 
spatial regions to screen bond surface charges [31, 32]. In turn, vacancies and ions accumulation 
near the surfaces of solids produces strains that substantially alter thermodynamic equilibrium [33, 
34], which in turn lead to the changes of phase diagrams and transition temperatures. 
In order to develop an adequate thermodynamic description of size effects in ferroelectric 
nanoparticles one has to determine a microscopic nature of phenomenological parameters and relate 
them with the lattice deformation near the particle surface due to the defects accumulation. 
Thorough analysis of our experimental results has shown that the conception of "chemical" pressure 
[35] originated from the Vegard strains [36, 37] perfectly suits to our aim. According to this 
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conception, the inclusion of a defect (impurity ion or vacancy) leads to the local deformation of the 
crystal lattice, and the action of many defects causes the strain proportional to their concentration. In 
the case, the proportionality coefficient is determined either from the ab-initio calculation [37] or 
from experiments [38, 39]. It should be noted that the influence of Vegard strain, coming from the 
diffusion and the accumulation of defects near the interfaces of ferroelectric thin films, results in the 
pronounced change of their polar properties [40, 41]. Therefore it is natural to expect that one could 
not neglect Vegard strains when describing polar properties of ferroelectric nanoparticles. At that a 
steric effect [42, 43] takes place for strong accumulation ("crowding") of defects. 
In order to realize this conception we performed the modeling of the transition temperatures 
for ferroelectric nanoparticles with taking into account the Vegard strains. Theoretical results are 
analyzed and compared with experiment for KTa1-хNbхO3 nanoparticles. 
 
II. Theoretical model  
II.1. Model background for KTaO3-KNbO3 system 
It was established experimentally that extrinsic and intrinsic defects play a crucial role in the 
emerging of polar properties in nanocrystals of KTa1-хNbхO3 [9, 12-14]. Thus, due to the presence of 
the dipole centers accosiated with the Fe3+ ions (the centers of axial and rhombic symmetries) 
ferroelectric phase transition occurs in nanocrystalline KTaO3 at 29 K [7, 8], while the bulk material 
is a quantum paraelectric [44]. These centers include oxygen vacancies in their structure and are 
formed mainly near the surface of the particles, as the concentration of oxygen vacancies have a 
sharp maximum in the surface layer. 
Let us remind the main features of polar and structural phase transitions in the considered 
system. Bulk KTaO3 is a quantum paraelectric having cubic structure down to 0 K [44]. At the same 
time KNbO3 and solid solutions of KTa1-xNbxO3 (x>0.2) undergo three successive phase transitions, 
namely from cubic paraelectric to tetragonal ferroelectric phase at Curie temperature (ТC) and then 
two structural transitions with the polarization vector Р switching between different crystallographic 
directions [Fig. 1a]. At that, as it was shown in Ref. [45], ТC shifts almost linearly under the changes 
of Nb content x in KTa1-xNbxO3 solid solution. Below we aim to consider the dependence of the 
Curie temperature on the composition under decreasing the size of the crystals for two particle 
shapes. 
In the considered solid solutions the most prevalent intrinsic defects are vacancies of oxygen 
and potassium [Fig. 1b]. The ions of iron and manganese are mostly registered among the extrinsic 
defects [Figs 1c and 1d], which are incorporated into the lattice during the synthesis as unavoidable 
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impurities [9, 13, 49]. It is known that the concentration of defects inside the crystal is 
inhomogeneous and strongly increases when going from the bulk to the surface of the particle [49]. 
 
 
Ta/Nb 
(b) 
V(K) 
V(O) 
Fe 
V(K) 
(c)
MnV(O) 
(d)
(a) 
 
Figure 1. (a) Sequence of phase and structural transformations in KTa1-xNbxO3. (b) Intrinsic defects 
in KTa(Nb)O3 lattice. (c, d) Local lattice deformations caused by intrinsic (oxygen and potassium 
vacancies - V(O) and V(K)) and extrinsic (Fe3+ or Mn2+ ions) defects.  
 
Since the near-surface layer is enriched with defects, here the crystal lattice becomes either 
“spongy” or “denser” depending on the type of defect [Figs 1b-1d], meaning that the lattice 
parameter is also locally changed. Since the presence of different types of defects, resulting into 
either expansion or compression of the lattice, the surface of the particle may have a complicated 
relief. However the assemble of weakly interacting or non-interacting particles most probably can be 
considered as "effective" assemble of ellipsoids with different aspect ratio of the semi-axes R and L. 
In our calculations we change the curvature of the surface 1/R and calculate the Curie temperature 
for two limiting forms of the particle, namely the sphere and very prolate ellipsoid. So that R is 
either the sphere radius or the smaller semi-axis of the ellipsoid hereinafter.  
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II.2. Basic equations 
Possible lattice deformations caused by intrinsic (vacancies V(O) and V(K)) and extrinsic (Fe3+ or 
Mn2+ ions) defects are shown in Figs 1b-d. Following Huang et al. [15] and using the conception of 
Vegard stress [35-37], the defects accumulation under a curved surface produces an effective 
hydrostatic pressure of the inner part of the particle. The screening of depolarization field at the 
surface and outside of the particle leads to the exponential decrease of charged defects concentration 
when moving away from the surface. At that, the characteristic thickness of the layer enriched by 
defects is determined by the screening length, and their maximal concentration is limited by steric 
effect [40, 41]. Our calculations have shown that the existence of well-localized defects layer leads 
to the hydrostatic pressure acting on the inner part of ellipsoidal particle with semi-axes R and L: 
( )
( )
( ) ( )
( )
( )
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⎧
≈+
η−
<<+
η−
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2
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2
2
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2
2
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x
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R
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xsxs
x
xRrr             (1) 
Here subscript "rr" denotes that the pressure is radial, R is the particle radius. ( )xsij  are elastic 
compliances modulus of the material, the characteristic size ( )xR0  is the particle surface layer 
thickness, where accumulated defects create elementary volume changes. Parameter ( )xη  is a 
"chemical" Vegard strain that is usually dependent on the Nb content x in KTa1-xNbxO3 due to the 
strong dependence of the elementary volume changes on defect and surrounding atoms type [37]. 
Immediately the Vegard strain x-dependence can lead to the analogous dependence of the shell 
thickness, . Moreover the following correlation should exist: the higher is the Vegard strain, 
the thicker should be the shell, because more numbers of layers are required for the full relaxation of 
the surface strain. Let us underline that the stress 
( )xR0
rrσ  in Eq.(1) is radius and content dependent; but 
its Nb content dependence is preliminary unknown for KTa1-xNbxO3 and will be determined from 
our experimental data. Typical value of rrσ  is about ( )22010 RR GPa for a Vegard strain of about 
1% and elastic compliances of about 10-12 Pa, so this is enough high value. With R increase the 
stress decreases proportional to ( )220 RR . 
Since the actual particle sizes for which we have experimental data are higher than 10 nm 
[Fig. 2e], below we can ignore intrinsic size effects, so LGD-potential functional for the solid 
solution of paraelectric and ferroelectric acquires relatively simple form [16 - 20]: 
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( ) ( ) PEPxPxPxRTF −γ+β+α=
642
),,(
642
                      (2) 
Here x is the content of Nb in KTa1-xNbxO3. P stands for polarization, E is electric field. Coefficient 
 depends on temperature T, particle size R, content x, polarization orientation and other 
material parameters.  
),,( xRTα
Using direct variational method [16 - 20] for ellipsoidal particles with semi-axes R and L, 
which polarization is uniformly aligned along the longer ellipsoid axis L, the coefficient ),,( xRTα  
becomes renormalized by the stress ( )xRrr ,σ  given by Eq.(1) via electrostriction effect, 
, where  are electrostriction tensor coefficients [16-17]. So 
that the coefficient was calculated as: 
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Hereinafter subscripts "q" and "f'" denotes the values related with proper ferroelectrics and quantum 
paraelectrics, respectively. We used that KTa1-xNbxO3 parent phase has cubic m3m symmetry. Here 
 is the ferroelectric Curie temperature of bulk material. In Eqs.(3) we used the Barrett-type 
formula for the coefficient 
b
CT
( ) ( )( )02coth2),( TTTTRT qqTqq −α=α , which is valid for quantum 
paraelectrics [46] in a wide temperature interval including low quantum temperatures.  and  are 
extrapolated "virtual" Curie temperature and characteristic quantum oscillations temperatures, 
correspondingly. At temperatures 
0T qT
2qTT >>  the Barrett formulae transforms into the classical limit, 
. Electrostriction tensor coefficients  content x dependence can be 
regarded linear 
( 0),( TTRT Tqq −α≈α ) ijQ
( ) ( ) qijfijij QxxQxQ −+= 1 . Linear dependencies can also be used for elastic 
compliances, , Vegard strain ( ) ( ) qijfijij sxxsxs −+= 1 ( ) ( ) qf xxx η−+η=η 1  and shell thickness, 
.  ( ) ( ) qf RxxRxR −+= 10
The Curie temperature ( )RxTC ,  of the solid solution can be determined from the condition 
 that in the classical limit, 0),,( =α xRTC 2qC TT >> , gives evident analytical expressions 
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For the case of the second order phase transitions, ( )RxTC ,  is the transition temperature from 
ferroelectric to paraelectric phase. For the first order phase transitions the condition 0),,( =α xRTC  
still gives the Curie temperature, but the ferroelectric-paraelectric transition temperature, ( )RxTFE , , 
should be found as a solution of transcendental equation ( ) ( )( )xxxRTFE γβ=α 163),,( 2 . The 
spontaneous polarization at E=0 is ( ) γβ−αγ−β= 24220P . 
As one can see from Eq.(4) the shift of Curie temperature is induced by joint action of 
Vegard strain and size effects, that is reflected by the product ( )20 RRη . The radius dependence of 
Curie temperature shift is governed by the ratio ( )20 RR . Equations (4) show that the increase of 
Curie temperature in comparison with a bulk material appears under the condition 
( ) ( ) ( )( 02 1211 <+ )η xQxQx  for spherical particles or ( ) ( ) 012 <η xQx  for ellipsoidal particles with high 
aspect ratio 1>>RL . 
 
III. Nb-content and size dependence of the nanoparticles transition temperature  
To fit the experimental dependence of the Curie temperature  (squires in Fig. 2a) and 
ferroelectric transition temperature 
( )xTC
( )xTFE  (triangles in Fig. 2a) on the content x of Nb we use the 
interpolate function for ( ) ( )( )7.000 1251 xTxT −+= . Our fitting based on Eqs.(1)-(4) is shown by solid 
(for ) and dotted (for ( )xTFE ( )xTC ) curves. Corresponding parameters of the bulk KTaO3 and 
KNbO3 are listed in Tab. 2. 
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Figure 2. (a) Curie and ferroelectric transition temperature vs. Nb content x in bulk KTa1-xNbxO3. 
Symbols are experimental data from Ref.[10], solid curves are theoretical fitting based on Eqs.(5)-
(6). Abbreviations PE and FE stand for paraelectric and ferroelectric phases. Parameters of the bulk 
KTaO3 and KNbO3 are listed in Tab. 2. (b) Curie temperature vs. Nb content x in assembles of 
KTa1-xNbxO3 nanoparticles. Different symbols are experimental data, solid and dotted curves are 
theoretical fitting for the nanoparticle with radius 25, 15 and 35 nm, respectively. Fitting parameters 
are listed in Tab. 3. (c,d) TEM images which show the quasi-spherical and ellipsoidal KTa1-xNbxO3 
nanoparticles. (e) The size distribution of nanoparticles. Solid red curve is the histogram fitting by 
polynomial-gaussian fit. 
 
Table 2. Parameters of the bulk KTaO3 and KNbO3 extracted from Refs.[10, 45, 47, 48] 
Physical quantity  Quantum paraelectric KTaO3 Ferroelectric KNbO3 
Coefficient  Tα 61036.1 ×=αTq m/(FK) 5106.4 ×=αTf  m/(FK) 
 10
Characteristic temperatures =qT 55 K, 150 =T  K 633=CT K, K 698=FET
Electrostriction coefficients 24
11 Cm11.0=Q , 
24
12 Cm023.0−=Q  
24
11 Cm13.0=Q , 
24
12 Cm047.0−=Q  
Elastic compliances  12
11 107.2
−×=s Pa-1 
Pa-1 1312 1025.6
−×−=s
12
11 1061.4
−×=s Pa-1 
 Pa-1 1212 1011.1
−×−=s
 
Table 2 gives us the parameters of the bulk materials, but the composition dependences of 
Vegard strain coefficient and shell thickness, which determine the strength of the size effects in 
nanoparticles in accordance with e.g. Eq.(4) remain unknown.  
In order to obtain the dependences we performed the comparison with our experiment. KTa1-
xNbxO3 nanoparticles fabrication process is described in details in Refs. [8, 11, 12] and [49]. 
Examples of TEM images, which show the nanoparticles of quasi-spherical and ellipsoidal shape, 
one can see in Figs 2c and 2d. Most of the fabricated nanoparticles have quasi-spherical shape; their 
radii are distributed around the most probable size of 20-25 nm (see histogram in Fig. 2e). The full 
width at half maximum (FWHM) of the particle sizes distribution is about 20 nm. Despite there 
were some sizable amount of the big nanoparticles, they contribute almost nothing to the studied 
size effects, acting as "bilk" background and thus slightly elongate the error bars of the Curie 
temperature to lower temperatures. Experimentally, the Curie temperature was determined from 
Raman scattering measurements using Jobin-Yvon/Horiba T64000 Raman triple spectrometer. The 
temperature dependences of intensity, width and frequency of relevant modes of the Raman spectra 
were thoroughly analyzed. In details, the experimental technique was described elsewhere [11, 12].  
Comparison of calculated Curie temperature with experimental results for KTa1-xNbxO3 
nanoparticles is shown in Fig. 2b. We attributed the diamonds in the figure to experimental data for 
nanoparticles with the most probable radius 25 nm. Error bars show the Curie temperature scattering 
originated from the particle radii deviation from 25 nm on about ±10 nm, that corresponds to the 
radii from 15 nm to 35 nm. Solid and dotted curves are theoretical fitting for the 25, 15 and 35 nm, 
correspondingly. Let us underline the pronounced increase of the Curie temperature for KTa1-
xNbxO3 nanoparticles in comparison with a bulk solid solution for x>0.8 leading to a strong 
enhancement of ferroelectric properties. Since ( ) 012 <xQ  and  for all x, 
negative Vegard strain  increases the Curie temperature for spherical nanoparticles, positive 
strains 
( ) ( ) 02 1211 >+ xQxQ
( )xη
( )xη  increase the temperature for the prolate ellipsoids accordingly to Eqs.(4). Content 
dependent parameters determined from the fitting to experiment are listed in Tab. 3.  
 
 11
Table 3. Parameters of the nanosized KTa1-xNbxO3 
Experimental data for 
Curie temperature in KTa1-
xNbxO3 
Content dependent parameters determined from the fitting to 
experimental shown in the Figure 2b 
Con-
tent x 
 
Curie temperature 
Spheres fraction 
g(x)=xgf +(1-x)gq 
gf =0.95, gq =0.9 
Shell thickness 
R0(x)=xRf +(1-x)Rq 
Rf=4.2 nm, Rq=2.4 nm 
Vegard coefficient 
η(x)=xηf +(1-x)ηq 
ηf= −3%, ηq = −1% 
x=0.3 TC = (243±30)K 
bulk TC = 238 K 
0.915 2.8 nm −1.6 % 
x=0.5 TC = (359±40)K 
bulk TC = 351 K 
0.925 3.3 nm −2 % 
x=1 TC = (748±50)K 
bulk TC = 633 K 
0.95 4.2 nm −3 % 
 
We found out that the best fitting of Curie temperature for the quasi-spherical particles of 
radius (25 ± 10) nm corresponds to the negative Vegard strain ( ) ( )xxx −−−=η 103.001.0  and shell 
thickness  nm. The latter values are quite reasonable and correspond to the 
6 – 10 unit cell thick shell. As anticipated, effective spheres fraction in the composite appeared 
rather high, , but some small amount of prolate ellipsoidal particles (from 
5% to 10% depending on the content x) exists due to the presence of elongated particles with high 
aspect ratio 
( ) ( )( xxxR −+= 12.44.20 )
( ) ( )xxxg −+= 19.095.0
1>>RL .  
Here an important remark should be made. We failed to fit the experimental data using both 
effective surface tension and intrinsic size effects models [16-17] for the realistic values of the 
surface stress coefficient, since the fitting required very high negative values of the coefficient 
(about −(10-20)N/m), that is in contradiction with surface equilibrium and realistic range of the 
coefficient +(1-2)N/m in different perovskites and other oxides [21]. Inclusion of the intrinsic size 
effect (polarization gradient along with induced depolarization field) leads to the correct trend that 
agree with experiment, namely to the Curie temperature increase with radius decrease, only at 
negative extrapolation lengths and the increase becomes noticeable at the particles radius less than 5 
nm. Since there is no solid background for the existence of negative extrapolation length and the 
minimal particle radius represented in the histogram is 5 nm [Fig.2e], including of the intrinsic size 
effect does not help us to describe the experiment. In contrast, the model based on the Vegard strain 
appeared in a quantitative agreement with the experimental results for realistic values of all fitting 
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parameters. The surface bond contraction model [15] gives the same radius dependence of the Curie 
temperature shift than the Vegard strain-based model, but it does not allow quantitative fitting the 
experimental data dependence on Nb content x, since only the Young modulus Y is x-dependent in 
the factor ( )24 na
a
aY
T
δ
α=χ  included in the model (see Tab. 1). Substitution of the known 
dependence Y(x) does not lead to a reasonable fitting. Other factors like the surface bond 
contraction and the lattice parameter are almost content-independent. Probably the surface bond 
contraction model is adequate for the nanoparticles without surface defects. 
Since we extract the dependence of the Vegard strain and shell thickness on Nb content x 
from experimental data in an unambiguous way, we can enough reliably reconstruct the impact of 
size effects on the nanosized KTa1-xNbxO3 using these dependencies and vary the particle radius and 
the sphere-to-ellipsoid ratio in the particles assemble, because these factors can be controlled in 
realistic experiments. Such procedure opens the opportunity to predict the Vegard strain impact on 
the extrinsic size effects in nanoparticles. So, let us consider a KTa1-xNbxO3 nanocomposite, where 
particles sizes are distributed around the average value, and the particle shape varies, namely there 
are some fraction of ellipsoidal and spherical particles in the material, but electric and elastic 
interaction between the particles can be regarded small due to the screening effects and surface 
stresses in the interfacial regions. Using Eqs.(1)-(4) and parameters listed in Tabs 2-3, we study 
content and radius dependences of the extrinsic size effect in the composites with the fraction of 
spheres varying from 100% to 0%. Reconstructed dependencies of the Curie temperature on Nb 
content x and particle radius R are depicted in Figs 3 and 4. 
Curie temperature increases with the increase of Nb content in bulk KTa1-xNbxO3 (dotted 
curves in Figs 3). Unexpectedly the Curie temperature ( )RxTC ,  non-monotonically depends on Nb 
content x in assembles of small (R=15 nm) KTa1-xNbxO3 nanoparticles, when the fraction of spheres 
becomes less than 50 % for negative Vegard strain ( ) xxx −( )−−=η 103.001.0  [Fig. 3a]. Such 
unexpected behavior could not be described as the consequence of particle shape changes, since the 
latter was constant under the increase of x. At the same time the change of composition leads to the 
changes of the terms ( ) ( )( ) ( )
( )
2
2
0
1211
124
R
xR
xsxs
xQx
+
η  and ( ) ( ) ( )( )( ) ( )
( )
2
2
0
1211
1211
2
22
R
xR
xsxs
xQxQx
+
+η  in Eqs.(3)-(4), 
proportional to the Vegard strain ( )xη , which changes in a most strong way with composition x 
according to Tab. 3. Thus the non-monotonic behavior is a direct sequence of the rather strong 
increase of the Vegard strain with x increase. For the case when the fraction of spheres is higher than 
 13
50%, Curie temperature monotonically and super-linearly increases with x increase and can 
overcome the bulk Curie temperature on hundreds of Kelvins for x>0.8.  
Figure 3b illustrates how the Curie temperature changes for positive Vegard strain, 
, and the same other parameters as in Fig. 3a. Qualitatively, the behavior 
for positive 
( ) ( )xxx −+=η 103.001.0
( )xη  is complementary to the one for negative ( )xη  (compare Figs 3a and 3b). Namely, 
for  sub-linear x-dependence of TC appears when the fraction of prolate ellipsoids becomes 
less than 50 %. Curie temperature monotonically and super-linearly increases with Nb content 
increase and can overcome the bulk Curie temperature for the case when the fraction of spheres is 
lower than 50 %.  
( ) 0>η x
These results approve the statement that the principal behavior of Curie temperature is 
governed by the Vegard strain sign (compression or tension), its absolute value and particle shape 
(prolate or spherical one). In particular, one can see from Figs 3a and 3b, which correspond to the 
opposite signs of the Vegard strain, that for positive η values the curves for prolate ellipsoidal 
nanoparticles are located above the dotted curve corresponding to the bulk material; curves for 
spherical nanoparticles are located below the dotted curve. The curves sequence is opposite for 
negative η values. The curves order and slope changes with respect to the bulk dotted curve with 
changing the fraction of spheres. In numbers, the transition temperature in nanosized composite 
could be from tens to hundred Kelvins lower or higher than in the bulk KTa1-xNbxO3. 
The smaller is the particle radius R, the stronger is the deviation of the curves from the dotted 
bulk ones [Fig. 3c]. Size effects are visible for the radii less than 50 nm, at that the minimal content 
of Nb required for the ferroelectricity appearance is different for a bulk material (20%) and 
nanoparticles (from 10 to 30%) depending on the particle size, shape and Vegard strain sign. In the 
case of negative Vegard strain ( ( ) 0<η x ) the ellipsoids are characterized by non-monotonic 
dependence of Curie temperature on the Nb content x, having a maximum at х=0.6 and the second 
critical concentration of Nb, х=0.95, at which ferroelectric order disappears. Figure 3d illustrates 
model situation, when ( ) 0>η x  and other parameters are the same as for Fig. 3c. One could see 
from this figure that it is possible to have a non-monotonic dependence of Curie temperature on Nb 
content for spherical nanoparticles of small radius; for the prolate ellipsoids the Curie temperature 
monotonically increases with the increase of Nb content with super-linear trend. 
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Figure 3. Curie temperature vs. Nb content x in nanosized KTa1-xNbxO3. Plots are calculated for 
negative (a,c) and positive (b,d) Vegard strains ( ) ( )( )xxx −+±=η 103.001.0 . The particle radius is 
15 nm in the plots (a) and (b). The spheres fraction changes from 100% to 0% with a step of 
20% for different curves in the direction indicated by arrow. Plots (c) and (d) are calculated for 
different particle shape (prolate ellipsoids and spheres as indicated by arrows) and radii 
=R
=1R 10 nm, 
20 nm, 40 nm (indicated by labels "Ri" near the curves). Material parameters are listed in 
Tabs 2-3.  
=2R =3R
 
Reconstructed dependencies of Curie temperature via particle radius are shown in Figs 4 for 
different x and spheres-to-ellipsoids ratio. At fixed content x the Curie temperature  tends to the CT
 15
bulk value with the particle radius increase. With the radius decrease we see either the strong 
increase of  proportional to CT
22
0 RR  for negative product ( )11122 QQ +η  or  for spherical or 
prolate nanoparticles, respectively (see Eqs.(4)), or its rapid decrease up to T=0 K at some "critical" 
radius  in the opposite case (compare top and bottom curves in Figs. 4). The critical radius  
of the ferroelectricity disappearance exists for the positive product  or 
12Qη
crR crR
( )11122 QQ +η 12Qη  for 
spherical or prolate nanoparticles, respectively.  increases with the increase of η absolute value.  crR
The strong changes in radius dependence of the Curie temperature TC appeared when the 
fraction of spheres varies from 100% to 0%. Actually, in the composite with compressed spherical 
nanoparticles ( ) TC increases with the radius decrease. With increasing the fraction of prolate 
ellipsoids TC gradually decreases, then becomes lower than the bulk one and rapidly decreases with 
the radius decrease in the composite with 50, 20 and 0% of spheres. Note, that the situation is visa 
versa for particles under tensile strains, 
0<η
0>η ; here the temperature increases with the fraction of 
prolate particles increase. 
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Figure 4. Curie temperature vs. particle radii R, calculated for Vegard strain 
( ) ( )xxx −−−=η 103.001.0  at Nb content x=0.3 (a), x=0.5 (b), x=0.9 (c), and x=1 (d). The spheres 
fraction changes from 100% to 0% with a step of 20% for different curves in the direction indicated 
by arrow. Material parameters are listed in Tabs 2 - 3. 
 
IV. Summary  
We proposed a phenomenological description of size effects in ferroelectric nanoparticles taking 
into account Vegard strains caused by defects accumulation near the surface of the particle. 
Performed calculations and detailed quantitative comparison with experimental results on quasi-
spherical nanoparticles of KTa1-хNbхO3 solid solution allow determining unambiguously the key 
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impact of Vegard strain on the extrinsic size effect and revealing the essential (about 100 K) 
increase of the transition temperature in spherical nanoparticles in comparison with bulk crystals.  
We also determined the dependence of Vegard strains on the Nb content and using this 
dependence reconstructed the content dependence of the solid solution Curie temperature. Appeared 
that the dependence of the Curie temperature on the Nb content should be non-monotonic for the 
small elongated KTa1-хNbхO3 nanoparticles (at size < 30 nm).  
In this way it is established that the key role in the origin of extrinsic size effects in 
nanoparticles belongs to the accumulation of intrinsic and extrinsic defects near the surface that 
cause local Vegard strains. The strains can govern the main features of the particles ferroelectric 
properties. 
 
References 
                                                 
1 D. Yadlovker, and Sh. Berger. Phys Rev B 71, 184112-1-6 (2005). 
2 D. Yadlovker, and Sh. Berger. Appl. Phys. Lett. 91, 173104 (2007). 
3 D. Yadlovker, and Sh. Berger. J. Appl. Phys. 101, 034304 (2007). 
4. M. H. Frey and D. A. Payne. Phys. Rev. B 54, 3158- 3168 (1996). 
5. Z. Zhao, V. Buscaglia, M. Viviani, M.T. Buscaglia, L. Mitoseriu, A. Testino, M. Nygren, M. 
Johnsson, and P. Nanni. Phys. Rev. B 70, 024107-1-8 (2004). 
6. E. Erdem, H.-Ch. Semmelhack, R. Bottcher, H. Rumpf, J. Banys, A.Matthes, H.-J. Glasel, D. 
Hirsch and E. Hartmann. J. Phys.: Condens. Matter 18 3861–3874 (2006). 
7 I.S. Golovina, S.P. Kolesnik, I.N. Geifman, A.A. Andriiko. Ferroelectrics 416, 133-138 (2011). 
8 I.S. Golovina, S.P. Kolesnik, V. Bryksa, V.V. Strelchuk, I.B. Yanchuk, I.N. Geifman, S.A. 
Khainakov, S.V. Svechnikov, A.N. Morozovska. Physica B: Condensed Matter. 407, 614-623 
(2012). 
9 I.S. Golovina, B.D. Shanina, S.P. Kolesnik, I.N. Geifman and A.A. Andriiko. Phys. Stat. Sol. B. 
249, 2263–2271 (2012). 
10 I.S. Golovina, I.N. Geifman, М.М. Prokopiv. Ukrainian Physics Journal 57, 63-70 (2012). 
11 I.S. Golovina, V.P. Bryksa, V.V. Strelchuk, I.N. Geifman and A.A. Andriiko. J. Appl. Phys. 113, 
144103 (2013). 
12. I.S. Golovina, V.P. Bryksa, V.V. Strelchuk, and I.N. Geifman. Functional Materials. 20, 75-80 
(2013). 
 18
                                                                                                                                                                   
13 I.S. Golovina, B.D. Shanina, S.P. Kolesnik, I. N. Geifman and A. A. Andriiko. J. Appl. Phys. 
114, 174106 (2013). 
14 P. Perriat, J. C. Niepce, and G. Caboche. Journal of Thermal Analysis and Calorimetry 41, 635-
649 (1994). 
15 Huang, Haitao, Chang Q. Sun, Zhang Tianshu, and Peter Hing. Phys. Rev. B 63, 184112 (2001). 
16. A. N. Morozovska, E. A. Eliseev, and M.D. Glinchuk, Phys. Rev. B 73, 214106 (2006). 
17. A. N. Morozovska, M. D. Glinchuk, and E.A. Eliseev., Phys. Rev. B 76, 014102 (2007). 
18 M.D. Glinchuk, E.A. Eliseev, A.N. Morozovska, and R. Blinc, Phys. Rev. B 77, 024106 (2008). 
19 A. N. Morozovska, M. D. Glinchuk, Rakesh K. Behera, B. Y. Zaylichniy, Chaitanya S. Deo, E. 
A. Eliseev. Phys. Rev. B 84, 205403 (2011). 
20 Eugene A. Eliseev, Maya D. Glinchuk, Victoria V. Khist, Chan-Woo Lee, Chaitanya S. Deo, 
Rakesh K. Behera, and Anna N. Morozovska. J. Appl. Phys. 113, 024107 (2013). 
21 Wenhui Ma. Appl. Phys. A 96, 915–920 (2009). 
22 Vitaliy A. Shchukin and Dieter Bimberg. Reviews of Modern Physics, Vol. 71, 1125 (1999). 
23 A. K. Tagantsev, G. Gerra, and N. Setter. Phys. Rev. B 77, 174111 (2008) 
24 R. Kretschmer and K. Binder, Phys. Rev. B 20, 1065 (1979). 
25 Chun-Lin Jia, Valanoor Nagarajan, Jia-Qing He, Lothar Houben, Tong Zhao, Ramamoorthy 
Ramesh, Knut Urban & Rainer Waser, Nature Materials, 6. 64 (2007). 
26 E.A. Eliseev, A.N. Morozovska, M.D. Glinchuk, and R. Blinc. Phys. Rev. B. 79, № 16, 165433-
1-10, (2009). 
27 A. K. Tagantsev and G. Gerra. J. Appl. Phys. 100, 051607 (2006). 
28 Fenggong Wang, Zhiyong Pang, Liang Lin, Shaojie Fang, Ying Dai, and Shenghao Han. Phys. 
Rev. B 80 144424 (2009). 
29 J. Carrasco, F. Illas, N. Lopez, E. A. Kotomin, Yu. F. Zhukovskii, R. A. Evarestov, Yu. A. 
Mastrikov, S. Piskunov, and J. Maier. Phys. Rev. B 73, 064106  (2006). 
30 H. Jin, Y. Dai, BaiBiao Huang, and M.-H. Whangbo, Appl. Phys. Lett. 94, 162505 (2009). 
31 Kelly R. Brown, and Dawn A. Bonnell. J. Am. Ceram. Soc. 82, 2431–41 (1999) 
32 G. B. Stephenson and M. J. Highland, Phys. Rev. B 84, 064107 (2011). 
33 Brian W. Sheldon and Vivek B. Shenoy, Phys. Rev. Lett. 106, 216104 (2011). 
34 Yu Xiao, Vivek B. Shenoy, and Kaushik Bhattacharya. Phys. Rev. Lett. 95, 247603 (2005).  
35 G. Catalan and James F. Scott. Adv. Mater. 21, 1–23 (2009). 
36 X. Zhang, A. M. Sastry, W. Shyy, J. Electrochem. Soc. 155, A542 (2008). 
 19
                                                                                                                                                                   
37 Daniel A. Freedman, D. Roundy, and T. A. Arias, Phys. Rev. B 80, 064108 (2009). 
38 T. Ohnishi, K. Shibuya, T. Yamamoto, and M. Lippmaa, J. Appl. Phys. 103, 103703 (2008). 
39 C. M. Brooks, L. Fitting Kourkoutis, T. Heeg, J. Schubert, D. A. Muller, and D. G. Schlom, 
Appl. Phys. Lett. 94, 162905 (2009). 
40 P.S. Sankara Rama Krishnan, Anna N. Morozovska, Eugene A. Eliseev, Quentin M. Ramasse, 
Demie Kepaptsoglou, Wen-I Liang, Ying-Hao Chu, Paul Munroe and V. Nagarajan. J. Appl. Phys. 
115, 054103 (2014). 
41 Anna N. Morozovska, Eugene A. Eliseev, P.S.Sankara Rama Krishnan, Alexander Tselev, 
Evgheny Strelkov, Albina Borisevich, Olexander V. Varenyk, Nicola V. Morozovsky, Paul Munroe, 
Sergei V. Kalinin and Valanoor Nagarajan. Phys. Rev. B 89, 054102 (2014). 
42 Mustafa Sabri Kilic, Martin Z. Bazant, and Armand Ajdari. Phys. Rev. E 75, 021502 (2007). 
43 Mustafa Sabri Kilic, Martin Z. Bazant, and Armand Ajdari. Phys. Rev. E 75, 021503 (2007). 
44 M. E. Lines and A. M. Glass, Principles and Application of Ferroelectrics and Related Materials 
(Clarendon Press, Oxford, 1977) 
45 S. Triebwasser. Phys. Rev. 114, 63 (1959). 
46 J. H. Barrett, Phys. Rev. 86, 118 (1952). 
47 H. Uwe and T.Sakudo, J. Phys. Soc. Japan, 38, 183-189 (1975). 
48 Linyun Liang, Y. L. Li, Long-Qing Chen, S. Y. Hu, and Guang-Hong Lu, J. Appl. Phys. 106, 
104118 (2009). 
49 I. S. Golovina. Oxygen-octahedral ferroelectrics: structure and properties of defects, size effects, 
MW resonators. Dr of Sci. Thesis, Kyiv (2014). 
 20
